The O antigen is an essential component of the lipopolysaccharides on the surface of Gram-negative bacteria and its variation provides a major basis for serotyping schemes. The Escherichia coli O-antigen form O180 was first designated in 2004, and O180 strains were found to contain virulence factors and cause diarrhea. Different O-antigen forms are almost entirely due to genetic variations in the O-antigen gene clusters. In this study, the chemical structure and gene cluster of E. coli O180 O antigen were investigated. A tetrasaccharide repeating unit with the following structure:
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The O antigen, consisting of numerous oligosaccharide repeats, is an essential component of the lipopolysaccharide (LPS) on the cell surface of Gram-negative bacteria. The O antigen is one of the most variable constituents on the cell surface due to the variation in the types of sugar present, their arrangement within the O unit and the linkages within and between O units. Consequently, the O antigen has become a major basis for serotyping schemes of Gram-negative bacteria (Reeves and Wang 2002) . It is also an important virulence factor and there is direct evidence that O-antigen forms account for differences in the nature of pathogenicity (Pluschke et al. 1983; Achtman and Pluschke 1986) .
Escherichia coli clones, including both commensal and pathogenic types, are normally identified by the combination of their O and H (and sometimes K) antigens (Nataro and Kaper 1998) . To date, more than 180 O-antigen forms have been recognized for E. coli (Stenutz et al. 2006) . Escherichia coli strain 86-381 was isolated from swine and its O antigen was first designated as O180 by Scheutz et al. (2004) . The O180 isolate was shown to produce Verocytotoxin and was positive for the virulence genes vtx1 and astA. Some anomalous characteristics were also identified for the O180 strain, which was found to be adonitol positive and indole negative, in contrast to other E. coli strains (Scheutz et al. 2004) .
Different O-antigen forms are almost entirely due to genetic variations in the O-antigen gene clusters (Reeves and Wang 2002) . In E. coli, genes for O-antigen biosynthesis are normally clustered between galF and gnd and include a conserved 39-bp JUMPStart sequence required for the regulation of downstream genes (Hobbs and Reeves 1994) , which is located in the intergenic region between galF and the O-antigen gene cluster (Marolda and Valvano 1998) . Three groups of genes have been identified in the O-antigen gene cluster including: (i) nucleotide sugar biosynthesis genes, (ii) sugar transferase genes and (iii) O-antigen processing genes for O-antigen flippase (wzx) and polymerase (wzy) (Reeves and Wang 2002) .
In this study, the chemical structure and gene cluster of E. coli O180 O antigen were analyzed. The O unit was shown to contain a residue of 2,3-diacetamido-2,3-dideoxy-Dmannopyranuronic acid (D-ManpNAc3NAcA), which has not been hitherto identified in the E. coli O antigens. Five genes in the gene cluster were proposed for the synthesis of this sugar. The gnaA gene, which encodes the enzyme that catalyzes the initial step of UDP-D-ManpNAc3NAcA (the nucleotideactivated form of D-ManpNAc3NAcA) synthesis, was identified in vitro using biochemical methods. In addition, the kinetic and physicochemical parameters for GnaA were determined. This is the first time that the enzyme responsible for the UDP-D-ManpNAc3NAcA biosynthesis is identified in E. coli.
Results

Elucidation of the O-antigen structure of E. coli O180
The O polysaccharide (OPS) was obtained by the mild acid degradation of the LPS, isolated from dried cells of E. coli O180 by the phenol-water procedure, followed by gelpermeation chromatography on Sephadex G-50. Sugar analysis by gas-liquid chromatography (GLC) of the alditol acetates derived after the full acid hydrolysis of the OPS revealed Rha and GlcN in the ratio of 2:1 (detector response). GLC analysis of the acetylated (S)-2-octyl glycosides demonstrated the D-configuration of GlcN and the L-configuration of Rha. The 13 C NMR spectrum of the OPS (Figure 1 ) showed 4 anomeric carbons at δ 98.1-102.6, 2 CH 3 -C groups (C6 of Rha) at δ 18.1 (2 C), 1 HOCH 2 -C group (C6 of GlcN) at δ 61.5 (data of a distortionless enhancement of polarization transfer NMR experiment), 13 oxygen-bearing sugar ring carbons in the region at δ 69.4-80.0, 3 nitrogen-bearing carbons at δ 52.8, 54.6 and 54.8, 1 CO 2 H group at δ 175.2 and 3 N-acetyl groups at δ 23. ) and 175.2-176.8 (CO). Accordingly, the 1 H NMR spectrum of the OPS contained signals for four anomeric protons at δ 4.83-5.16, two CH 3 -C groups (H6 of Rha) at δ 1.23 and 1.29, three N-acetyl groups at δ 1.90-2.08 and other signals at δ 3.30-4.43. These data indicated that the repeating unit of the OPS is a tetrasaccharide containing two residues of Rha (Rha  I and Rha   II ) and one residue of GlcNAc, whereas the fourth monosaccharide is a diacetamido hexuronic acid, which was not detected in sugar analysis.
The 1 H and
13
С NMR spectra of the OPS were assigned using two-dimensional correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), rotating-frame nuclear overhauser effect correlation spectroscopy (ROESY), H-detected 1 H-13 C heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond correlation (HMBC) experiments (Table I) . Tracing connectivities in the COSY and TOCSY spectra within each sugar spin system starting from H1 and, for Rha residues, also from H6 enabled the unambiguous assignment of all proton signals. Correlations in the HSQC spectrum (Figure 2 ) of protons H2 and H3 with nitrogen-bearing carbons C2 and C3 at δ 4.43/52.8 and 4.28/54.6, respectively, showed that this monosaccharide is a 2,3-diamino sugar, and an H5/C6 cross-peak at δ 4.00/175.2 in the HMBC spectrum confirmed its identity as a hexuronic acid. J H,H coupling constant values and a typical intra-residue nuclear overhauser enhancement pattern indicated that this sugar has the manno configuration and is thus 2,3-diacetamido-2,3-dideoxymannuronic acid (ManNAc3NAcA).
The pyranose form of all monosaccharide residues was confirmed by the absence from the 13 C NMR spectrum of any signals for non-anomeric sugar ring carbons at a lower field than δ 81. The (Lipkind et al. 1988) , demonstrated that Rha I is α-linked and Rha II is β-linked. The β-configuration of ManNAc3NAcA was established and that of Rha II confirmed by strong H1/H5 crosspeaks in the ROESY spectrum (Figure 3 ). The absence of H1/ H5 correlations and the presence of strong H1/H2 correlations defined the α-configuration of GlcNAc and confirmed the same configuration of Rha I .
Fig. 1.
C NMR spectrum of the OPS of E. coli O180. Arabic numerals refer to carbons in sugar residues denoted by letters as shown in Table I .
The modes of sugar glycosylation were determined by relatively low-field positions of the signals for C2 of Rha I , C3 of Rha II , C4 of GlcNAc and ManNAc3NAcA at δ 80.3, 81.4, 77.9 and 71.6, respectively, in the 13 С NMR spectrum of the OPS compared with their positions in the spectra of the corresponding non-substituted monosaccharides (Knirel et al. 1982; Lipkind et al. 1988 ).
The two-dimensional ROESY spectrum (Figure 3) showed strong inter-residue cross-peaks between the anomeric protons and protons at the linkage carbons at δ 5. 01/4.12, 5.16/3.58, 4.83/3.66 and 5.12/3.93 The position at δ 54.6 of the signal for C3 of ManpNAc3NAcA showed that the constituent monosaccharides in the α-D-GlcpNAc-(1 → 4)-ManpNAc3NAcA disaccharide fragment have the same absolute configuration (a C3 chemical shift of δ 53.0 would be observed in the case of their different absolute configurations; Knirel et al. 1982) . Hence, ManNAc3NAcA has the D-configuration.
Based on the data obtained, it was concluded that the OPS of E. coli O180 has the following structure: Fig. 2 . Parts of a two-dimensional 1 H-13 C HSQC spectrum of the OPS of E. coli O180. The corresponding parts of the 1 H and 13 C NMR spectra are displayed along the horizontal and vertical axes, respectively. Arabic numerals refer to cross-peaks in sugars denoted by letters as shown in Table I . H NMR spectrum are displayed along the axes. Arabic numerals refer to inter-(bold) and intra-residues (regular) proton pairs in sugar residues denoted by letters as shown in Table I . 
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Sequencing and analysis of the E. coli O180 O-antigen gene cluster A sequence of 14,733 bases between JUMPStart and gnd was obtained from E. coli O180, and 14 open reading frames (orfs) (excluding gnd) transcribed from JUMPStart to gnd were identified ( Figure 4 ). All putative genes were assigned functions based on their similarities with those in available databases (Table II) .
(i) Nucleotide sugar biosynthesis genes. Orfs 1-4 shared high-level identity (85-96%) with known RmlB, D, A, C from other E. coli and Shigella strains. The family of rml genes is responsible for the synthesis of dTDP-L-Rha (Marumo et al. 1992; Lindqvist et al. 1993; Giraud et al. 1999) . orfs 1-4 were named rmlB, D, A, C accordingly.
Orfs 5-8 and 11 shared 70, 17, 69, 36 and 56% identity with WbpA, WbpB, WbpD, WbpE and WbpI of Pseudomonas aeruginosa PA01, respectively, which were identified to be responsible for the synthesis of UDP-D-ManNAc3NAcA (Wenzel et al. 2005; Westman et al. 2007 Westman et al. , 2009 ). orfs 5-8 and 11 were named gnaA, mndA, mndC, mndB and mndD, respectively. (ii) Sugar transferase genes. Four monosaccharides were identified in the O unit of E. coli O180. The wecA gene that is responsible for the transfer of GlcNAc-1-phosphate to the carrier lipid undecaprenol phosphate to initiate O-unit synthesis is located outside the O-antigen gene cluster (Amer and Valvano 2000) ; therefore, only three glycosyltransferase genes were expected to be present in the O180 O-antigen gene cluster. Orf12 and 14 belonged to the glycosyltransferase group 1 family (PF00534) and Orf13 to the glycosyltransferase group 2 family (PF00535). Orf12-14 also shared 32-56% identity with many the glycosyltransferases of other species and were named wfcS, wfcT and wfcU, respectively. (iii) O-unit processing genes. Both Wzx and Wzy are typical inner membrane proteins. The only two orfs encoding predicted membrane proteins were orf9 and orf10. Orf9 and Orf10 shared 53 and 49% similarity with the O-antigen translocase of Methanosarcina barkeri str. fusaro and O-antigen polymerase of E. coli O114, respectively. Therefore, orf9 and orf10 were named wzx and wzy.
Characterization of GnaA in E. coli O180 It has been reported that the biosynthetic pathway of UDP-D-ManNAc3NAcA in P. aeruginosa includes five steps catalyzed by five enzymes (Westman et al. 2007 (Westman et al. , 2009 ). Among these enzymes, WbpA (GnaA in E. coli O180) is a UDP-GlcNAc 6-dehydrogenase that catalyzes the first step, conversion of UDP-D-GlcNAc to UDP-D-GlcNAcA (Miller et al. 2004 ).
(i) Overexpression and purification of GnaA. Plasmid pLW1476 containing gnaA was constructed. Expression of the gene in transfected E. coli BL21 was induced by isopropylthio-β-D-galactopyranoside (IPTG). The majority of the protein was detected in the soluble fraction as estimated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis (data not shown), and the protein was purified to near homogeneity by nickel ion affinity chromatography. The apparent molecular mass of 51.5 kDa was estimated by SDS-PAGE for His-tagged GnaA and corresponded well with the calculated mass (50.5 kDa; Supplementary data, Figure S1 ). (ii) Characterization of GnaA activities by capillary electrophoresis (CE). The proposed reaction catalyzed by GnaA is shown in Figure 5 . Figure S2 ). The fraction containing the expected product and the substrate was collected and analyzed by negativemode ESI MS (Supplementary data, Figure S3 ). An ion peak was obtained at m/z 620.03 (Supplementary data, Figure S3A ), which was consistent with the expected mass for UDP-D-GlcNAcA (621.34 Da). MS2 analysis of the parent ion peak resulted in the detection of daughter ion peaks matching the fragments derived from UDP-D-GlcNAcA (Supplementary data, Figure S3C ). The ion peak observed at m/z 606.06 (Supplementary data, Figure S3B ) is consistent with the substrate UDP-D-GlcNAc (607.35 Da). On its MS2 analysis, daughter ion peaks were detected, which matched the fragments derived from UDP-D-GlcNAc (Supplementary data, Figure S3D ). The fragments corresponding to each peak are listed in Table III Figure S4 ). The K m values of GnaA for UDP-GlcNAc and NAD + were 0.84 and 4.16 mM, respectively. The detailed kinetic parameters for the enzyme are listed in Table IV. (v) Determination of physicochemical parameters: optimal temperature and pH, effects of cations on GnaA activities. Activities of GnaA at temperatures ranging from 4 to 65°C are shown in Figure 7A . The highest conversion ratio , had no obvious effects on the activity of GnaA.
Discussion
Escherichia coli O180 is a newly identified serogroup, and strains belonging to O180 have been found to contain virulence factors and cause diarrhea (Scheutz et al. 2004) . In this work, the E. coli O180 O-antigen structure and gene cluster were identified, clarifying the genetic basis of this new O-antigen form. An unusual monosaccharide, D-ManpNAc3NAcA, was identified in the O180 O unit, which has been reported earlier as a component of the O antigens of Pseudomonas (Knirel and Kochetkov 1994) and Bordetella (Preston et al. 2006 ) but found for the first time in E. coli O antigens. The biosynthetic pathway of UDP-D-ManpNAc3NAcA has been elucidated in P. aeruginosa. This sugar nucleotide is synthesized from UDP-D-GlcNAc via a five-step pathway, with WbpA (a UDP-GlcNAc 6-dehydrogenase) catalyzing the initial step (Miller et al. 2004; Westman et al. 2007 Westman et al. , 2009 Larkin and Imperiali 2009) .
GnaA of E. coli O180 shared 70% identity with the homologous protein identified in P. aeruginosa and 70-83% identity with UDP-Glc 6-dehydrogenase, UDP-GlcNAc 6-dehydrogenase and UDP-ManNAc 6-dehydrogenase from a number of other species. The alignment of GnaA and other proteins sharing high identity (including the identified UDP-D-GlcNAc 6-dehydrogenase) revealed the presence of an NADH/nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)-binding motif GXGXXG (Wang et al. 2008) and residues involved in catalysis [Glu165, Lys218, Cys273 and Asp277 in the previously identified UDP-D-GlcNAc 6-dehydrogenase (NP_251849); Miller et al. 2004] in GnaA of O180 (Figure 8) .
Analysis of the cation requirements showed that the activities of both O180 GnaA and known UDP-D-GlcNAc 6-dehydrogenase increased in the presence of K + or NH 4 + . were not analyzed in the previously identified UDP-D-GlcNAc 6-dehydrogenase, and the inhibitory effects of these cations on the two enzymes cannot be compared.
The K m values of GnaA in E. coli O180 for UDP-GlcNAc and NAD + were 0.84 and 4.16 mM, respectively, and those of the identified UDP-D-GlcNAc 6-dehydrogenase in P. aeruginosa were 0.094 and 0.22 mM, respectively, indicating a high affinity of the latter enzyme for the substrates. 
Materials and methods
Bacterial strains and plasmids
The bacterial strains used in this study are listed in Table V . The bacteria were inoculated into Luria-Bertani (LB) medium and incubated overnight at 37°C.
Construction of shotgun bank, sequencing and sequence analysis Chromosomal DNA was prepared as described previously (Bastin and Reeves 1995) . The primer pair: 5′-ATTGGTAGC TGTAAGCCAAGGGCGGTAGCGT-3′ and 5′-CACTGCC 
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ATACCGACGACGCCGATCTGTTGCTTGG-3′, based on the JUMPstart sequence and gnd, respectively (Wang and Reeves 1998) , was used to amplify the O-antigen gene clusters of the E. coli O180 strain. Amplification by polymerase chain reaction (PCR) was performed as follows: denaturation at 94°C for 10 s, annealing at 60°C for 30 s and extension at 68°C for 15 min. Shotgun banks were constructed for each strain as described previously (Wang and Reeves 1998) . Sequencing was carried out using an ABI 3730 automated DNA sequencer (Applied Biosystems, Foster City, CA), and sequence data were analyzed using computer programs as described previously (Feng et al. 2004 ).
Isolation of LPS
Bacteria were grown to late log phase in 8 L of LB using a 10-L fermenter (BIOSTAT C-10, B. Braun Biotech International, Germany) under constant aeration at 37°C and pH 7.0. Bacterial cells were washed and dried as described (Robbins and Uchida 1962) . LPS (1.4 g) was isolated from dried cells (7.5 g) using the phenol-water method (Westphal and Jann 1965) and purified by the precipitation of nucleic acids and proteins with aqueous 50% trichloroacetic acid at 4°C.
Degradation of LPSs
Delipidation of the LPS (100 mg) was performed with aqueous 2% HOAc (6 mL) at 100°C until the precipitation of lipid A. The precipitate was removed by centrifugation (13,000 × g, 20 min) and the supernatant was fractionated by gel-permeation chromatography on a Sephadex G-50 (S) column (56 × 2.6 cm) (Amersham Biosciences, Sweden) in 0.05 M pyridinium acetate buffer, pH 4.5, monitored by a differential refractometer (Knauer, Germany). A high-molecular-mass OPS was obtained in a yield of 42% of the LPS mass.
Chemical analyses
The OPS was hydrolyzed with 2 M CF 3 CO 2 H (120°C, 2 h). Monosaccharides were identified by GLC of the alditol acetates on a Hewlett-Packard 5890 chromatograph (USA) equipped with an Ultra-1 column using a temperature gradient of 150-290°C at 5°C/min. The absolute configurations of the monosaccharides were determined by GLC of the acetylated (S)-2-octyl glycosides as described (Leontein et al. 1978; Gerwig et al. 1979) . Plasmid construction, protein expression and purification The gnaA gene was amplified by PCR using the following primers: 5′-GGGAATTCCATATGATGAAAAACTTGCTAAT TAATAAAA-3′ and 5′-CCGCTCGAGTTAAGCCCTTACAA CATTTTTTT-3′. A total of 25 cycles were performed using the following conditions: denaturation at 95°C for 60 s, annealing at 48°C for 30 s and extension at 72°C for 90 s, in a final volume of 50 μL. The amplified genes were cloned into pET28a + to construct pLW1238 and the presence of the insert was confirmed by sequencing using an ABI 3730 Sequencer.
Escherichia coli BL21 carrying the recombinant plasmid was grown in LB medium containing 50 μg/mL kanamycin overnight at 37°C. The overnight culture (5 mL) was inoculated into 500 mL of fresh LB and grown at 37°C until A 600 reached 0.6. The expression of gnaA was induced with 0.1 mM IPTG for 4 h at 25°C. Cells were subsequently harvested by centrifugation, washed with binding buffer (50 mM TrisHCl, pH 8.0, 300 mM NaCl and 10 mM imidazole), resuspended into 5 mL of the same buffer containing 1 mM of phenylmethanesulfonyl fluoride and 1 mg/mL lysozyme and sonicated. Cell debris was removed by centrifugation and total soluble proteins in the supernatant were collected. The His 6 -tagged fusion proteins in the supernatant were purified by nickel ion affinity chromatography using a Chelating Sepharose Fast Flow column (GE Healthcare, Madison, WI) according to the instructions provided by the manufacturer. Unbound proteins were washed out with 100 mL of wash buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl and 20 mM imidazole). The fusion proteins were eluted with 3 mL of elution buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl and 250 mM imidazole) and dialyzed overnight against 50 mM Tris-HCl buffer ( pH 8.0) at 4°C. Protein concentration was determined by the Bradford method.
Enzyme activity assays and CE analysis GnaA activity was assayed in reaction mixture containing 0.5 mM UDP-D-GlcNAc, 1.5 mM NAD + , 5 mM KCl, 0.5 mM K 2 HPO 4 -KH 2 PO 4 ( pH 8.0) and 12.3 μM purified GnaA protein in a total volume of 20 μL and the reaction was carried out at 37°C for 1 h. Products generated from the reactions were analyzed by CE. Enzyme activities were indicated by the conversion of substrates into products.
CE was performed using a Beckman Coulter P/ACE MDQ Capillary Electrophoresis System with a PDA detector (Beckman Coulter, CA). The capillary was bare silica 75 μm (internal diameter, i.d.) × 57 cm, with the detector positioned at 50 cm. The capillary was conditioned before each run by washing with 0.1 M NaOH, followed by deionized water and finally with 25 mM borate-sodium hydroxide ( pH 9.6) (used as the mobile phase; 2 min/wash). Samples were loaded by pressure injection at 0.5 psi for 10 s and separation was carried out at 20 kV and monitored by measuring UV absorbance at 260 nm. Peak integration and trace alignments were performed with the Beckman P/ACE station software (32 Karat™ version 5.0). The conversion ratio was calculated by comparing the peak areas of substrate and product.
RP HPLC and ESI-MS analysis
The GnaA reaction mixture was separated by RP HPLC using an LC-20AT HPLC (Shimadzu, Japan) with a Venusil MP-C18 column (5 µm particle, 4.6 by 250 mm) (Agela Technologies, Inc., Willmington, DE). The mobile phase was composed of 5% acetonitrile and 95% 50 mM triethylamine-acetic acid ( pH 6.5), and the flow rate was 0.6 mL/min. Fractions containing the expected products were collected, lyophilized and redissolved in water before being injected into a Finnigan LCQ Advantage MAX ion trap mass spectrometer (Thermo Fisher, CA) at a negative mode (4.5 kV, 250°C) for ESI tandem MS analysis.
Determination of temperature and pH optima and cofactor requirements of GnaA For parameter characterization, all reactions contained 1 mM UDP-D-GlcNAc and 3 mM NAD + , 5 mM KCl and 1.23 µM GnaA in a buffer of 50 mM K 2 HPO 4 -KH 2 PO 4 . To determine the optimum temperature for GnaA, reactions were carried out at 4, 15, 25, 37, 50 and 65°C for 40 min. For investigation of pH effects, reactions were performed at pH 6.5, 7.0, 7.5, 8.0, 8.5, 9 .0, 9.5 and 10.0 at 37°C for 40 min. To analyze the effects of different cations on GnaA activity, all reactions contained 12.3 µM of the enzyme, 1 mM UDP-D-GlcNAc, 3 mM NAD + and 50 mM Tris-HCl in a total volume of 20 µL. Salts (5 mM), such as KCl, NH 4 Cl, NaCl, MgCl 2 , MnCl 2 , NiCl 2 , CaCl 2 , CoCl 2 , ZnCl 2 and FeCl 3 , were added. Ethylene diamine tetraacetic acid was also tested and results were compared with those obtained in the absence of cations as the control. Reactions were incubated at 37°C. All enzyme activities were determined by CE.
Measurement of kinetic parameters
All reactions contained 50 mM K 2 HPO 4 -KH 2 PO 4 ( pH 8.0), 5 mM KCl and 1.23 µM of enzyme in a final volume of 20 µL. To measure the K m and V max values of GnaA for UDP-D-GlcNAc, reactions were carried out over a range of UDP-D-GlcNAc concentrations (0.125-2.5 mM) and a constant concentration of NAD + (1.5 mM). To measure the K m and V max values of GnaA for NAD + , reactions were carried out over a range of NAD + concentrations (0.25-5 mM) and a constant concentration of UDP-D-GlcNAc (0.5 mM). All reactions were carried out at 37°C for 3 min in a total volume of 20 µL. The reactions were terminated by adding an equal volume of chloroform (20 µL). Conversion of UDP-D-GlcNAc to UDP-D-GlcNAcA and NAD + to NADH was monitored by CE. K m and V max values were calculated based on the E. coli O180 O antigen and UDP-D-ManNAc3NAcA biosynthesis
